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INTRODUCTION.

" The amplification of short wavzlength coherent electrozagnetic
radiation by relativistic electrons mwoving through a spatially
' periodic transverse magnetic field was first demonstrated at Stan-
ford University f1]. These exparicents were carried out using the
bunched electron beam ermerging from 2 radio frequency linear ac-
celerator. Although the electron bean quality was ideally suited to
study the most important operating characteristics of the free clec-
ron laser, the spmall amount of available average electron been
current coupled with only a small laser extraction efficiency con-
tributed to 1limit both the amount of average laser power produced
(?=0.5 watts) and the overall operating efficiency of the device
(e<0.1Z).

Since the Stanford experiments a considerable amount of work
has been done to study various schemes directed toward the develop-
nant of efficient high power free electron lasers. In some of the
schemes high single pass laser extraction efficiency is pursued us-
ing for example variable parameter wlgglers,f?] , constant petiod
wigglers consisting of only a few nagnet periods [3] and consta
period gain—expanded wigglers [4] . In other schemes the lectron
beam is recirculated several times through the laser interaction rc~
gion[4,5]té increase total overall efficiency while retaining the
characterxstlcally snall single pass efficiency of a constant period
viggler. «”U/

/

The present paper addresses tuc problem of increasing the power
and efficiency of free clectron Jasers from a point of view which is
fundamentally different from the schemes mentionad above, The
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chemes discussed hare are based cn the utilization of the continu-
s electren beams geaerated by =2lectrostatic accelerators. The
sic idea is to recover the energy zzd charge of the electron beanm
ter it has interacted with thz Zrze electron laser. This schema
first suggasted by Madey[6] in 1570 and later pursved by Elias
in 1978 to develop the two-stzzz FEL concept.
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As will be discussed in detzil in the next section two major
changes occur as a result of recovering the energy and charge of the
lﬁctron beza produced by electrostz:iic accelerators. First, the

srage arount of electron bezzm current that can be extracted from
2 high voltage terminal, at constzzt voltage, can be increased
on typical values of a few hundr=< microamperes to several ecmperes
average beaa current. Second, even with a lov single pass FEL
erergy extraction efficiency the cverall efficienzy of the device
czn be potentially very high beczus:z the energy losses occurring
¢uring thz electron bean recover; stage can be rmade substaatially
s=2ller than the amount of laser znzrzy produced. It will thus be
showvn here that as a result of elev_~c1 bean recovery a considerable
z-ount of average laser power (P>If n) can be generated with high
cverall laser efficiency (e>50%) using electrostatic accelerators.
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in zddition to high current op2 ., electrostatic accelerators
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zre well suited to provide thz sxcellent quality elcectron becns
¢amanded by free electron lasers. I: is also worth noting that the

ar wvith electron beam recovery
onlzing radiation normally pro-

is suddenly stopped. This
nce to those considering us-—
or laboratory applications.
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Three schemes will be discusszZ here: a) short pulse opera-
tion with no energy recovery, b) C3 single-stage operation with en-
ergy recovery and c) CW two-stage ozaration with energy recovery.
Also, a review is made of tha elaciron beam quality required by the

LECTROSTATIC ACCELERATOR FEL WITZ 3 ENERGY RECOVERY.

The techrology of high-voltazz alectrostatic ac celerators is
% wall established. Since trz 1950s these machines have been
serated quite reliably to producs very high quality continuous

2zms of electrons or iens ia ths *»‘iun voltage renge from 1 MV to
MV, The nmaximun PO bram current (1 ) th.t can be extracted during
rentionz]l  operation from thes: '“?lc is entirely determined by
maxinun anount of chargiang current (I ) requived to maintain the
teraival charged ot constant ¢liziric potential, Fﬁtrncting 1ove
:»2n eurrent thar the chergieg curs o2t (1>70) reselis G0 2 situa-
tion winereby the elv tvic potentinl ¥ the high-voltare terninal and

tanee the electron's kianstic easrav i)l decrease steadily with

|
I




b e s e

e

time. During normal operation (no energy recovery) these devices
are capable of generating on a steady state basis from a few tens of
rpilliamps of beam current at low voltage to a few hundred microam-
2res at high voltage. A schematic diagram of a single stage free
electron laser using an electrostatic accelerator without electron
beam recovery is shown in Figure 1.

-V ELECTRON
1 : GUN
i
[ ]
'c =
—— ! — —— ACCELERATOR COLUMN
HIGH =
- VOLTAGE -
@V SuPpL :: ELECTRON
+ SUPPLY — = |
== BEAM DUMP
==
»
H

{

FEL .
ELECTRON BEAM . ! l l 1 l i l ' I I l !::E
b /.
.J, i
Figure 1. An electrostatic accelerator FEL operating with no beam
recovery.

The high-voltage terminal is chargad to a potential ~V by means of
za electrically charged moving belt or pelletron chain. Am electroa
gun located in the HV terminal produces a relatively low voltage
electron beam which 1is subsequently injected into and then ac-
celerated to its final energy by the constant electric field of the
zzcelerating columm shown. After interacting with the FEL, the
electron beam is stopped at the electron beam dunp. There, most of
the beam's energy is converted to heat and ionizing radiation.
Eznce, the overall efficiency of the laser is low since only a small
a~ount of energy is actually converted into laser radiation. It was
noted earlier that it is possible to increase the single pass effi-
ciency of the laser by means of variable parameter wigglers. Howev—
er, the amount of average laser powsr obtained in this confi_ iration
is still small due to the limited amount of average current avail-
zble from the accelerator in this wmode of operation.

Assuming that I, is the charging curreat reaching the high vol-
taze terminal and Y, is the electron beam current extracted from the
accelerator, then tge rate of change of voltage with time can be
readily calculated as follows

[ -t.1
-3—%:— -_B...E._.E- (l)

vhere C is the electrical capacitance to ground of the high-voltage

acan M . ! .3”‘9’:‘ ‘;:‘-l:w"" -
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terninal. Typically C=200 picofarad. For constant wavelength opera-
tions, the free electron laser opzrating in the single particle re-
give requires an electron beam whosz energy spread is smaller than
the energy width of the gain curve. This requirecent impcses a
aximunm acceptable drop in the HV electrostatic potential of

[%f] - (
v ~ SN 2
Viwax 2N )

there N is the numher of FEL wiggler periods. Equation (1) and (2)
caa be cocbined to yield a value for the maxiwmum electron pulse
langth that caan be used with 2 free electron laser operating in this
code:

cv

[At)yax = 20(1,7T) (3)

Bafore another electroa pulse can bz initiated, the accelerator HV
terminal value must be recharged to. its initial potential. The

charging rate is given by

av ¢

dt  C (1)
The total recharging time can thus be calculated combining equations
{2) and (4) to obtain

[AtICH = CV/ZN!C

it follows that the maxirum pulse repetition rate that can be ob-
tained in this mode of operation is:

1

PRR = + At (5)

[AtTyax

Table 1 below summarizes typical operating characteristic of an
electrostatic accelerator FEL when no electron beam energy recovery
techniques are used. The results shown were obtained wusing the
zbove equations with € = 200 picofarad and N = 250.

Table 1. Performance of an electrostatic accelerator free electron
laser using no electron baam recovery techniques.

v Iy I p 3 [At] PRR
5y 2A 500uA 20%W 5y IO—G;ec 250hZ
My 1004 50044 104 5\ 20x10 sec 250H2

Clearly a frce electrea laser operating in the above describad
configuration can be useful in nany laboratory and commevcial appli--
cations vhere laser pover and efficieacy is not of pricary con-
sideration and vhere sufficient protection exists against ionilzing
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diation produced zt the electroa bz2an dunmp. Howaver, 1f higher
powar and overall efficiency is required, then the clectron bezm en-
erq' and charge must bz recovered. tn appropriate technique to
hieve this is discussad in the next section.

ELZCTROSTATIC ACCELERATOR FEL WITH ZNZRGY RECOVERY.

As noted in the introduction, th2 power and efficlency of a
free electron laser can be substantially improved if the energy of
the spent electron bezz is recoveracd. Using elecirostatic accelera~
tors this is done in a2 straight foruzrd way as shown in Figure 2.

After interactinz with the FEL the spent electron beam's kinet-
ic energy is reduced froa 2 feuw ne 5a'.tolts to a few kilovolts by the
electrostatic decelerating coluan shown in the figure. Subsequent-
1y, the relatively 1low kinetic ecnergy beam enters the electron
charge collector vhere ths electrons are separated according to en-

gy and captured by the collector surfaces with micinua pro— duc-

tion of heat or ionizing radiation. The technique of recovering
elzciron beam energy by rneans of "deoressed collectors'" is used fre-
atly with many nodern Licrowav, tubas as dlﬂcusnsﬂ by Hechtel

symc? e = - o 18y)mc?

enf = S —— lel
(y=1)rc? "N /
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Figure 2. An electrostatic accelerzior FEL operating vith  clectron
b=c energy recovery.

The battery shown between the cathode and collector replaces
th - encrgy lost by the electron baws to FEL radiaztion, 1p
* \
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represents the amount of electron bezm current recovered. Notc
that ., 1s a conduction current while I, 1s a true beam curreat.
e

Equation (1) must be modified to inc e the recovered current Ty

av 1 6
ot - ¢ Ug e ©

A
b
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It fOllOdS(ﬁfOﬂ the zbove equation that a steady state regime caa be
chtained Fro 0) when

IB |R = |C (7)

That is to say, the potential of thz high-voltage terminal will not
charge 1if the amount of electron curreat (15-I,) lost in the system
is equal to the charging current T.. For this scheme to work it 1is
thus important to recover as nuch ¢ the electron beam current as it
is possible. Howaver, even if all of the bean current 1is not
collected it 1is still possible to operate the FEL with recasonably
la*’gD values of power and efficiency. For example, assume that

,=1 (1—(1) vhere is the fractio~ of beam current lost. ‘The max—
1—Ln Pelectron pulse length that can te used uilth a FEL 1s obtaianed
by TOdlf}lﬂ* equation (3) to read:

cv cv
[f,t] R e e
MAX 2u(|B IE—TEY 2n_a|g'TEY

T exemple, 1f 107 of the initial %273 curreat caanei be recoverced
then wusing (6) withce=0.1 and the valves for C,V,N, T, and Ip used

(8}

in the example discusszd in the previous section the following
rzsult is obtained:
[at]
MAX

el ™ = = 100t

Eznce, the maximum pulse length thzt can be used with the FEL has
increased from [At]:AX vith no energy recovery to 10 times [At]MAX
when 107Z of the bean curreat is not rzcovered. Also, in this exaa-
ple the average power aad overall eZficiency has also been lncrecased
by a factor of 10, The ideal situation is, of course, to recover
21l of the electron beanm current.

Table II summarizes the possiblz performance of single-stage
electrostatic accelerator free eleciron lasers having v«rio'f levels
of electron beam energy and current recovery. The cfficicncy figure
is dafines as follows:

AVERAGE POWZR

- ‘ 7.
€ PEAR Powrn * 1007




T=>le II. Performance of electrostatic accelerator free electron
lzs2rs with various degrees of enzrgy recovery. (V=3MV, C=200 pi-
cofarads, Ip=2A, I-=50014, N=250)

' = P(peak) P [;t]MAx Efficiency
1 20KkW 5\ lo_éscc .025%
5.1 20kW 504 10 % sec .025%
0 20kW 20%\ @ 100%

The results shown in Table II indicate that with electron beam
y recovery (@< 1) it is possiol to operate FELS at high power
igh overall efxxc1ency using elzctrostatic accelerators cven if
the charrlno current I. is small. Also, since during the electren
o collactlon process the electrons have only small kirnetic ener—
the amount of ilonizing reaction produced is swall. A nore de-
discu551on of the electron collaction process can be found

L L]

ere 1in this book under the title “"The UCSB FEL Experimental
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Kote that in the calculation cf overall efficiency, power sup-

! rlv losses have not been includad. If these losses ave takoa into
ezcouat, thon in some cases the overzll laser efficiencies are ex-

:ted to be as hi"h as 50% 1if =211 the charge and energy in the

T+2—-STAGE FREE ELECTRON LASZRS USINC ZLECTROSTATIC ACCELERATORS.

The two-stage FEL concept [3] wzs developed in 1978 at Stanford
Uaiversity as a2 means of generaticg tunable coherent radiation at
short wavelengths using low enargy ele tron beams, such as the ones
zva2ilable from electrostatic accealarators. If the techniques of
actron beam enargy recovary discusszad previously are also used
ith tuo—stage Fils then a consicdarzble amount of laser powzsr can
s produced in the 16004 to 50 un w;;-lennth range using convention-
21 1low voltage electrostatic accelarator. The simplest configura-—
ion of & two-stage FEL is 1llustrai:< in Figure 3.

. m

As showa in the figure a coatin:ous beam of monochromatic elec—-
trons of energy E=y rc’ emermes fron the electrostatic aceelerator
s showa on the left side of the figure. The beem Interacts

"i the FEL wiggler to excite o icng wavelength lascer TRMoo mods
»hich resonates betusen the tuo spherical mirrors, The  wavelength
¢ this rode is givea approxinately 3w the relation
Lo
1 21/

. e -
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vhere A is the period of the magnztic wiggler, ch2 is the energy
o the incoming electroas. The resonator mirrors are constructed of
hicaly reflective nmaterials at the op setating wavelength X' to allow
the intensity of the optical molz to grow to values in the range
17710%watts/ca?. At this hizh leva2l of optical power density

(y-1-6y)mc?
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igure 3. A simple two-stage FEL scheme using electrostatic ac-—
alerators with electron bzam energy recovery.
a2in with the intease optical

the same electron beam can interact zg
t 2 much shorter wavelength

rode to produce coherent radiation &

) = )p 20

T hy2 By
Tra short wavelength cptical rode (s2cond-stage FEL) is shown in
uhi ropagating along the axis of the

-
P

te as a TEMoo goussian node
sonator.

A second two-stage FEL scheme is illustrated in Figure 4. Here,
e-aarate electroa beans are used to excite independently the {irst

z=¢ second FEL stages. The wajor ;avpatages of this scheme are:  a)
thz  wavelength  of the second stage can be tuned without perturbing
tie operation of the first stage, ! the small signal gain of the

cxzond stace laser can be optinizsd by choosing correctly the ratio

S Lo ey
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¢l pump waveleosilul  to szcond-stzis wavelength X and c¢)  the  FEIL
i~taraction length‘gi the second sizze can be adequately controlled
vsing indepandent eleciron beanm cptlz components. Table IV surmar-
izes  the operating chzaracteristics of a two-stage FEL operating at

o dlffer;nt vavelenzths,

TLIZTRON BuaM REQUIRZMEINTS.

»

. In =z firee electron laser the axial

2. Bean Quality Requiremants

vazlozity 87 of the elsctrea bzan daternines wnether or not the elec-
:rons radiate cohereatly. The maxiz:a spread of axizl velocities
t=at can be accepted by a2 coastant -~=zriod }b! wlgglbr can be calcu-~
izted froz the enersy vidth of the FEL gain curve at fixed
wzvilength. The maxizuo velocity csread that can be accopted by &
TIlL is given by

A (9)

“rare U 1s the aumbzr of o ~=riods in the wigglcr and yre? is
tm2  relativistic lzctron beam. If f is the total
izzed of @n electro: 3 is 1its total transverse

- . K (10)

ers= szpzed (VXS units) acquired by the
gzl

f'Oﬂ the magnatic wigglez. B 1is the rms value of the nag-

d on axis ani lg is tkz periodicity of the magnetic

structure. 5 is the transverse drift velocity of the

ons with respect d5 the axis ¢ the viggler. g is finite 1f

the electron is inj2cted into thz —agnetic structufe at the vroag

¢ngle. Changes im 5 can thus originate from variations in B and

. Equatlow (10)c1* be used to zstimate separately the contribu-

t73n to[s3 ) frox variztioas in B exd g . Xf R is held fixed then
e for fixéa 5 10

10
(2 ] = - K2 58 (1)
“z’B 217823
z=d 2) for fixed B ﬁ
2 A N
[s2,], =- =52 - - (12)
(3¢ ¥

it has been thaid5J° 8 . Iv a ceonstant poriod nag-
10 . . .
Tl the r“‘z"r"th gt 2 v Te w o from the axies 1s ;'1\"'1 ap-
2nx 7 Xy 2
. N ", IR iy ’
sromianately bys B, z) 8 coch (507, o (0T L kor wia X, S0/ 3 (22
: S ’ o o Lo ?( O )

the fractional  chanse w2 the field peoar the aris of tho
“lor. Uaing thir relotlon and fj:::inrv (9)  and (10) it is pos

to estimate & Sl ax rodivs T that can be
vith o givea Vil wiynler
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2 equatiocns (12) aad (92 =a

crgence angle czn ba derived:
1

"Vzusz
inally from relations (13)
verse electron beanm eaittanc
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The transverse effects intro
nciple bz ninimizzd provide
This is, of course, zccomp

2 @available small signal op
ransverse dimensions of the elec
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- [
= a8
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bution to ‘g3 _ Tesulting fron
ocities 1in thea beez, The
ocities can be traced back to
e
n

rr

I
"W

[63 1 1in equation (11).

(13)

rawizua acceptable elzactron beon
p

(1%)

zvd (14) a maximun acceptable
2 ¢z be obtained:

(15)

Iuzced through equation (1i) can in
2 low wiggler magnetic fields are
shed at the expease of reducinz
cal gain. Also, rcducing the
ren beam will reoult in a smaller
Zguation (12) describes the con-
thz spread in transverse electron
sourcas of such transverse electron
tr.z electron gun catnode (thermal

13
1
.
L

effects) aadfor to the electron Y-zn accelerator. Thelr contribu-
tions to [5« ] can be describzd zs Zsllows:
1 Kt
1s8 1, _¥Y3Nwe2 . ) [T
66 1., 1 = \Y Nt (16)
z MAX Eﬁ*
83_} Loy L
2’ _ Y*Nec?2 _ f2\[v7 .
88 hax R a7
-5 J
_?77
(8 Jewirrance _ 3 X 10 6 x 1077y 18
[53 ]FAX _l__ 84 ( )
2Ny?

here T is the cathod2 tecpzratur
cibutioas to 63, from wvariat
thode thermal velocities resyec
rical relation between transv
Ton beam curreat T(XA) derlvc” b
. 0. 3»
¥s
izdle 3 lists the clectron bean Gl

g o0 rv ‘\"
e {1

crerate single~stave and tuo-stage

JV,q is the ninimuan current denait

10 .vu"]l f'i"ﬂ"‘l ("’ih/p;’."-';.
L\;,on Pernper conditions ands

ER [532 . and[537]. are the con-
1225 in Ion"itudiﬁa ond transverse

i 8 -~
tivery. 88, ]EQITHNCF is an e
s2 eaittance e(mmr-rred) and elec-
Tzwson and Peaner [9]):

wlity requirements necessary to
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[3e 1, .
z EMITTANCE _—

[552] X
J ) 105 (Amp)
MAX 6N

cm

Table 3. Electron Bzam Quality Calculations

SINGLE STAGE FEL TWO-STAGE FEL

2 100 Lym 161m 40008
3 7 50 7 20
R (mm) 2 2 0.4 1.3
N 232 200 600 8000
KT (eV) 0.2 0.2 0.2 0.2

Rap 100 000
PIN(EET) 3 10 >
(10% gain)
(58,1 Tu

0.02 0.003 0.06 0.28
l P ‘\)
(68,1 T 1078 3x107° T
[s8 ]MAX
2

ol ] i 0

JHAX(,np/cn ) | 100 100 33 3

(from Lawson-
Panner eq.)

Jyis Ly depends only on the number of wigsler periods. The calculations .
1is7ed in Figure 5 indicate that tha rmajor source of _  originates i
iron the enmittance relations Lawson znd Penner. 1t can“be seen from
iz2b5le 5 that to operate two-stage FilLs at short wavelengtli ( =4000A)
the transverse enittance of electrox beams has to improve by a factor
ol 100 with respect to the value caiculated from the lLawson-Penner
rzlation. Single-stage FELs, on the other hand, can operate with the
sxittance calculated fron the Laws~a-?caner rclation.

bPear Current Reguirements and 1o.or Power Qutput.  The optical
< =11 osiganl ert1cla region can bhe written in KNS units as follows

377 %
- AN {)o K B 1 N
(1+1? / r’

N ' e e R




vhare:
A = gigral vavelensth
X o= pagnet pariod

K = BMS maznetic field on axis
1 = electron beam current

I = puober of wmagnet periods

r = optical beam radius

K 7 qA B/2imc

Tn2 above gain equation has beea normalized to give the correct gain
value for the Staanford FEL. It is assumed here that the electron
bzaa radius R is smaller or equal tc the optical beam radius. At
saturation (i.e. wher thz small signal gain is reduced by a factor
of 2) the awount of powzr that cea be extracted from the electron
bean as laser radiation is

7Y
T2
The electron beam requirements awd the typical expacted perforiance
¢f a2 single-stage free electron lzser has beea incorpsrated iate
Table 4. Similarly Tahle 5 surmariz.s the oparating chavacteristics
¢l a two-stage FEL based con the scio-z 1llustrated ir Figure 4.
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characteristics.

Vavelength (um) 360
Magnat period (cm) 3
£ magnet periods 100
Magnetic field (I) 0.06
Small signal gain (Amp~l) 0.60
fverage laser power (kW/hmp) 15
Overall efficiency (3) -50
Elect. bean enargy (MeV) 3
Baximun transverse enittonce (asinal) w122
Paximun A6fy 5x10—3

able 4 . Performance of a singla--'c3e FEL and required electron beam
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tors has been discussed. The techniques of electron bean energy
recovery reviewed ir this chapter can be used to preoduce intensa
baans of coherent electronagnetic radiation ia the far infrared re-
gion with high levels of efficiency with present electrostatic ac-
celerator technologies. At shorter wavelength high power laser ra-
diation can also be produced, but only at reduced overall efficicn-
cy. It ray be possible be produced, but only a2t reduced overall ef-
ficiency. It may be possible to extend the operating wavelength re-
gion of single-stage electrostatic accelerator free electroa lasers
into the visible region with the adveat of new HV technology.
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Table 5. Performance of a two-stagz FEL and required electron
beam characteristics.

Vavelength (um) 0.4 V6

Pump wavelength (um) 600 Looo

Punpwave intensity (MW/cmz) 250 60

Interaction length (m) 2.5 1.2
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Power output (kW/Amp) 0.5 2

Overall efficiency (%) 0.3 1.5
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CONCLUSIONS.
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lasers using the electron bearns produced by electrostatic accelera- |




(o]

On

O O~

15

A. Renieri, Report 77.33, CNEN-Centro di Frascati, Edizione
Scientifiche C.P. 65, 000%4, Frascati, Rome, Ttaly(1977). L.R. Elias,
Elias, J.M.J. Madey, T.I. Smith, Stnaford High Funergy Physics
Laboratories, Report HEPL-824(1978). To be published in Applied Physics.
J.M.J. Madey, Ph.D. thesis, Stanford University 1970, p. 150,
unpublished.

L.R. Elias, Phys. Rev Lett. 42, 977(1979).

J.R. Hechtel, IEE Trans. Electroa Devices, ED-24, 9(1977).

V.K. Neil, "Emittance and Transport of Electron Beams in a Free
Electron Laser', JASON Techaical Report JSR-79-10. SKI Inter-
national(1979).







